Biobed system is a simple method to minimize point source contamination during manipulation of pesticides and is based on the adsorption and degradation potential of a biomix composed by top soil, peat, and straw and covered with a grass layer. In our study, the biomix was prepared with Andisol, peat and straw in a volumetric proportion of 1:1:2, and adsorption and degradation studies were done. Degradation of chlorpyrifos (160 mg a.i. kg -1 ) and formation of TCP (3, 5, 6-trichloro-2-pyrinidol) at different pre-incubation times (0, 15 and 30 days) and with different moisture contents (40, 60 and 80 % of water holding capacity) were evaluated, ligninolytic enzyme activity and microbial respiration in the biomix were periodically analyzed. Adsorption isotherms were fitted using Freundlich and linear models for Andisol and the biomix. The adsorption assays demonstrated that biomix has a higher capacity to retain chlorpyrifos than top soil. The pre-incubation period, WHC and the concentration of the chlorpyrifos of the biomix influenced the degradation of the contaminant and TCP formation as well as the biological activities in the biomix. The TCP was formed during the first steps of chlorpyrifos degradation and was later degraded in the biomix under all studied conditions. In conclusion, biomix with Andisol, peat and straw (1:1:2), pre-incubated by 15 days and incubated with 60% of WHC is capable to degrade chlorpyrifos efficiently.
Introduction
Pesticides play an important role in the success of modern farming and food production. However, inadequate management of pesticides can lead to contamination of surface and groundwater, because pesticide residues can persist in the environment for variable periods of time (Anwar et al., 2009) . The release of pesticides into the environment generally occurs by diffuse (nonpoint) or localized (point) sources. Point sources such as spillages, tank filling, or cleaning the spraying equipment have been identified as the major contamination risks (Jaeken and Debaer, 2005) . These activities are often performed specifically on-farm sites, generally near a water supply, therefore, high concentrations of pesticide residues can be found in these places (Castillo and Torstensson, 2007) .
A simple, low-cost and low maintenance technology (biobed) was developed in Sweden to reduce point-source contamination by pesticides (Torstensson and Castillo, 1997) . Biobeds are based on the adsorption and degradation of pesticides by a biomix composed by top soil, peat, and straw and covered with grass. Each component in the biomix plays an important role in the dissipation of the pesticides in this system. Straw stimulates growth of ligninolytic microorganisms and the production of extracellular ligninolytic enzymes as peroxidases and phenoloxidases. In addition, straw promotes growth of microorganisms, such as white-rot fungi, with the ability to degrade those pesticides characterized by an aromatic ring structure (Castillo et al., 2008) . On the other hand, peat provides sorption capacity, high water retention ability regulating moisture in the biobed and, also abiotic degradation of pesticides (Torstensson and Castillo, 1997; Castillo et al., 2008) . Soil is an important source of microorganisms in the biomix and bacteria can act synergistically with fungi to degrade pesticides (Castillo et al., 2008) . The presence of soil bacteria can enhance the extent of pesticide degradation (Maya et al., 2011) as well as degradation of other organic pollutants (Kotterman et al., 1998; Castillo et al., 2008) .
Furthermore, soil has the ability to adsorb pesticides in the biobed, due to its humus and clay contents (Castillo and Torstensson, 2007) .
Apart from the composition of the biomix, an important factor for the efficacy of biobed is age or maturity of the biomix before its use in the pesticide degradation. The progressive biodegradation of the component generates a series of microbial communities and enzymatic activities that enables an efficient dissipation of pesticides in the biobed system and avoids metabolite accumulation (Castillo et al., 2008) . Nevertheless, little information has been reported in the literature about the influence of this parameter in pesticide degradation in a biobed.
The role of the type of soil in the biomix of the biobed has not been studied deeply. However, soil plays an important role in pesticide degradation (Castillo et al., 2008; Diez, 2010; Maya et al., 2011) . The effect of soil types used for biomix preparation was studied by Fogg and Boxall (2004) . They found that there were no significant differences in the biobed performance. Nevertheless, the soils used in their study had a low level of organic matter (OM) compared with soil of the south of Chile (Andisol and Ultisol).
Chilean Andisol as component of biomix could be an effective support for this system due to its high OM content (>10%) with great affinity for organic pollutants due to the presence of humic acid, fulvic acid and reactive clay such as Al and Fe hydroxide groups (Diez et al., 1999; Cea et al., 2007) .
The moisture level in the biobed is also a relevant parameter to promote different microbial environments that can influence the oxygen level, the microbial activity and the amount of pesticide in solution.
According to Castillo and Torstensson (2007) , low levels of moisture, such as 30% WHC may limit the microbial activity and the amounts of pesticides in solution; moisture level of 60% WHC may give enough water for microbial processes, solubilization of pesticides, and adequate pore space for oxygen to support aerobic processes and, higher solubilization of pesticides occurs at 90% WHC, but oxygen deficiency in the system could be expected. Under these conditions aerobic microbial processes will be limited and anaerobic processes may prevail; moreover, it may create a risk for transport of chemicals outside the biobed (Castillo and Torstensson, 2007) .
In Chile, biobed tehnology has not been established, yet. Therefore, the aim of our study was to evaluate the adsorption and degradation of chlorpyrifos in a biomix composed by an Andisol of southern Chile, peat and straw. The effect of pre-incubation time and water holding capacity of the biomix in chlorpyrifos degradation, TCP formation and biological parameters, such as microbial respiration and ligninolytic enzyme activity, were evaluated.
Materials and Methods

Chemicals
Analytical grade (99%) chlorpyrifos (O, O-diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphorothiate) and TCP (3,5,6-trichoro-2-pyridinol) were purchased from Sigma-Aldrich. Commercial formulated chlorpyrifos (Clorpirifos S480) of 48% w/v was purchased from ASP Chile. MBTH (3-methyl-2-benzothiazolinone hydrazone), DMAB (3-(dimethylamino) benzoic acid) were purchased from Aldrich. All other chemicals and solvents were of analytical reagent grade (Merck).
Preparation of biomix:
The biomix was prepared by mixing top soil (without chlorpyrifos application history), commercial peat and wheat straw (2 cm long) in the volumetric proportions of 1:1:2. The used top soil was an Andisol from Southern Chile, Gorbea locality belonging to Wheat straw has 9.9%, lignin 41.8%, cellulose organic 66.1%, matter pH 5.9 and 0.56% total nitrogen
The biomix was stored in a polypropylene bag at 4 ºC until use. The resulting biomix has pH 6.0, 17%orga-nic carbon and 0.91% nitrogen (C/N=19).
Adsorption study
The assay was performed in triplicate in 50 mL glass 
Degradation studies
In the first experiment, the effect of biomix pre-incubation at different times on the degradation efficiency biomix that showed the highest chlorpyrifos removal was selected for further studies. In parallel, microbial respiration of the biomix (CO 2 evolution) was conducted under the same conditions described above.
In a second experiment, the effect of water holding capacity in biomix degradation efficiency was assessed. Samples of biomix (10 g dry weight) preincubated for 15 days were placed in glass flasks (500 mL) and distilled water was added to obtain samples with 40, 60 and 80% water holding capacity (WHC).
The biomix was spiked with a stock solution of commercial formulated chlorpyrifos (Clorpirifos S480, diluted in water to reach concentration of 160 mg a.i. 
Calculation of adsorption and degradation parameters
To evaluate the sorption capacity of the different substrates, the experimental data were fitted to the empirical Freundlich-type isotherm (Eq.
[1]):
Where 
Where ƒoc is the percent fraction of organic carbon of the biomix components or biomix.
The chlorpyrifos degradation in biomix was described using the first-order kinetic equation as C= C0 e -kt , and from the equation, we obtained (Eq.
[3]):
Where k is the first order-rate constant (d -1 ).
The leaching potential of chlorpyrifos was determined by the groundwater ubiquity score (GUS) index (Eq.
[4]), (Gustavson, 1989 ). This index is based on chemical adsorption (Koc) and persistence (t 1/2):
[4]
Analysis Ligninolytic enzyme activity:
The analysis was performed using the MBTH/DMAB assay according to the methodology described by Castillo et al. (1994) . To extract the enzymes, samples of the biomix (10 g dry weight) were weighed in
Erlenmeyer flasks and 50 mL of 100 mM succinatelactate buffer (pH 4.5) were added to each sample.
The flasks were shaken at 100 rpm for 2 h, and 10 mL of the supernatant were collected and centrifuged at 4 000 rpm for 20 min and filtered through 0.45 µm membrane (National Scientifics filter unit). The reaction mixture contained 300 µL of 6.6 mM DMAB, 100 µL of 1.4 mM MBTH, 30 µL of 20 mM MnSO 4 , 10 µL of 10 mM H 2 O 2 , and 1560 µL of the sample in a 100 mM succinic/lactic acid buffer pH 4.5. The reaction was followed at 590 nm (ε= 0.053 µM
in a spectrophotometer (Spectronic Genesis TM 2PC).
As no correction was made for the possible presence of lignin peroxidase (LiP) and laccase (Lac) activity, this measurement may represent the sum of manganese peroxidase, LiP and laccase (Castillo and Torstensson, 2007) .
Microbial respiration
The CO 2 produced in the biomix was evaluated by means of incubation experiments according to the methodology of Iannotti et al. (1994) . The biomix (50 g) was placed in a 1 L flask with a vial containing 10 mL of 0.5 mol L -1 NaOH and a vial with 10 mL distilled water for maintaining a humid atmosphere. The flask was hermetically sealed and incubated at 25 ºC.
The CO 2 captured in the NaOH solution was determined by titrating the remaining alkali with 0.1 mol L -1
HCl after precipitation of carbonate with 0.1 mol L -1
BaCl 2 . The respiration was expressed as accumulated mg CO 2 100 g biomix -1 .
Extraction and quantification of chlorpyrifos
The residual concentration of chlorpyrifos in biomix was determined by HPLC after extraction with acidified acetone (acetone + water + concentrated phosphoric acid, 98 + 1 + 1 by volume) per gram of substrate (Racke et al., 1996) . Briefly, 5 g (in duplicate)
of biomix were mixed with 30 mL of acidified acetone 
Statistical analysis
All the experiments were carried out in triplicate. Data were statistically analyzed by one-way analysis of variance (ANOVA), where statistical differences were observed, and means were separated using Tukey's minimum significant difference test (p < 0.05).
Results and Discussion
Pesticide adsorption in biomix and top soil
Chlorpyrifos adsorption in biomix and top soil was adjusted to both linear and Freundlich equations, which were used to calculate the adsorption param- Parameters obtained of non-linear (a) and linear (b) regression of the experimental data.
Chlorpyrifos degradation at different preincubation times
The effects of different pre-incubation times (0, 15 and 30 days) of the biomix on chlorpyrifos degradation (160 mg a.i. kg -1 ) and TCP formation are presented in Figure 1 . Values of rate constant (k),
half-life (t 1/2 ), r 2 and results of the statistical analysis for LSD (p<0.05) are reported in Table 2 for the pesticide. The biomix pre-incubated for 15 days showed the highest degradation of chlorpyrifos (Figure 1a ).
At the end of the incubation period (40 days), the degradation of chlorpyrifos was 70% in the biomix pre-incubated for 15 days, 58% in the biomix preincubated for 30 days and 50% in the biomix without pre-incubation. Degradation of chlorpyrifos was faster in the biomix pre-incubated for 15 days (t 1/2 =19.7 days) than in the biomix without pre-incubation (t 1/2 =39.9 days), showing the relevance of pre-incubation before using the biomix with the contaminant. However, no significant differences (p<0.05) were found when biomix was pre-incubated for 15 and 30 days ( Table 2 ). Our values of t 1/2 are low compared with values reported in the literature for chlorpyrifos in some biomix in Europe. (Fogg et al., 2003; Coppola, et al., 2007; Vischetti et al., 2008) . These authors reported half life value for chlorpyrifos between 43 and 59 days, depending on the used biomix. as it has been reported by Racke et al. 1996 . In relation to this last statement, the possibility that chlorpyrifos may also be degraded by abiotic hydrolytic processes cannot be excluded. The GUS index is used universally for evaluating the potential of contamination of groundwater and leaching of pesticide into surface waters through drainage systems. If its value is less than 1.8, the pesticide is considered non-leachable and the risk of groundwater contamination is low, whereas if its value is more than 2.8, the risk of contamination is high (Gustavson, 1989 ). In our study, all values were less than 1.8, inferring that the risk of lixiviation of chlorpyrifos is very low (Table 2 ). This effect is due to the preincubated biomix, which has a good adsorption by the pesticide, expressed with a higher adsorption coefficient of organic carbon (K OC ). Henriksen et al. (2003) demonstrated that a biobed with a fresh biomix (without pre-incubation) that is subjected to high hydraulic loads produces high leaching of pesticides.
TCP formation at different pre-incubation times
The formation of 3,5,6-trichloro-2-pyridinol (TCP), the first hydrolysis metabolite of chlorpyrifos, was observed during the incubation period and it was in- The determination of TCP is essential during biological degradation of chlorpyrifos as TCP is more soluble than chlorpyrifos (49.1 g L -1 at 25 °C), has a longer half-life (> 65 days) and has shown to have antimicrobial properties (Racke et al., 1988) , therefore, it could affect the biological process of degradation.
During the pre-incubation period, physical and chemical changes occur in the biomix, due to different reactions caused by the proliferation of different microbial populations, which could accelerate the decomposition of biodegradable organic compounds. Castillo et al. (2008) reported that biomix age is an important factor in the behaviour of the biobed because each component of biomix has its own biodegradation process, which generates proliferation of microbial communities involved in the pesticide degradation.
Chlorpyrifos degradation at different water holding capacity
The effect of three moisture levels (40, 60, and 80%
of WHC) of biomix pre-incubated for 15 days on chlorpyrifos degradation (160 mg a.i. kg -1 ) and TCP formation are presented in Figure 2 . Values of rate constant (k), half-life (t 1/2 ), r 2 and results of the statistical analysis for LSD (p<0.05) are reported in Table   3 for the pesticide. The biomix with 60% of WHC showed the highest degradation of chlorpyrifos (Figure 2a) . At the end of the incubation period (40 days The variation of WHC in the biomix affected the t 1/2 values of chlorpyrifos and significant differences were found (p<0.05) among treatments (Table 3) .
Degradation of chlorpyrifos was faster in the biomix with 60% of WHC (t 1/2 =22.1 days) than in the biomix with 40 (t 1/2 =37.8 days) and 80% of WHC (31.3 days), showing the relevance of the humidity in the biomix for the degradation of the pesticide.
The t 1/2 increased with the increment in the chlorpyrifos concentration twice or more times in respect to the low concentration of chlorphyrifos (160 mg kg -1 ) (Fernández, 2010) . Similar results were reported by Sandar and Kole (2005) , they found that in the samples with 1, 10 and 100 times the field dose,
half-life times of chlorpyrifos were 20, 23 and 37 days respectively. (Table 3) . However, these values are under the critical value of 1.8. Therefore, the pesticide is considered as non-leachable and without risk of groundwater contamination. Figure 2b shows the formation of TCP in the biomix incubated with different WHC. We can see that TCP formation increased with the increment of moisture in the biomix. The highest values of TCP were obtained after 10 days of incubation, when WHCs in the biomix were 60 and 80% (35 and 32%, respectively).
TCP formation at different water holding capacity
After that, TCP formation decreased down to approximately 3% after 40 days of incubation. Similar results were obtained by Castillo and Torstensson (2007) .
The authors compared the effect of three moisture levels (30%, 60%, and 90% of WHC) in laboratory biobed studies and demonstrated that 60% moisture of WHC gave the highest dissipation of most tested pesticides, whereas moisture of 30 and 90% WHC limited the microbial activity. Our results pointed out the relevance of the regulation of moisture in the biomix of the biobed. However, it may be a difficult task in farm biobeds; therefore, it is important to include peat or similar water-binding materials in the biomix to maintain an adequate level of moisture in the system.
The moisture condition is also an important factor especially in chlorpyrifos hydrolysis. Racke et al. (1996) reported that chlorpyrifos hydrolysis was greatly accelerated under low moisture condition (< 20%). In our assays, 60% water holding capacity was maintained during all time of incubation of the biomix. Ideally, the moisture in the biobed should be high enough to promote microbial processes and solubilization of pesticides, but it still leaves enough pore space for oxygen to support aerobic processes. Moreover, moisture levels near saturation increase the risk of transport of chemicals from the biobed and promote anaerobic processes (Castillo and Torstensson, 2007) .
Biological activity in the biomix
Microbial respiration
Microbial respiration (CO 2 production) of the biomix pre-incubated at different times (0, 15 and 30 days) and contaminated with chlorpyrifos (160 mg a.i. kg The microbial respiration (Figure 3 ) and degradation of chlorpyrifos ( Figure 1a ) at different pre-incubation times followed a similar behavior, obtaining both the highest values on 15 days of pre-incubation.
The respiration rate has been used previously as an indicator of pesticide degradation in biobeds, where the dissipation rates of some pesticides was correlated with basal respiration at 13 different biomix (Castillo and Torstensson, 2007) . 
Ligninolytic enzyme activity
Ligninolytic enzyme activity was higher in biomix contaminated with chlorpyrifos than in un-contaminated biomix in the three evaluated pre-incubation times (Table 4 ). The enzymatic activity was 2.98 U kg -1 when the biomix was pre-incubated for 15 days, decreasing to 2.37 U kg -1 in the biomix pre-incubated for 30 days. The ligninolytic enzyme activity (Table 4) and degradation of chlorpyrifos ( Figure 1a) at different pre-incubation times followed a similar behavior, obtaining both the highest values at 15 days of pre-incubation. In some works, ligninolytic activity has been correlated to the degradation of several pesticides, such as isoproturon (Castillo and Torstensson, 2007; Von Wirén-Lehr et al., 2001 ) and chlorpyrifos and TCP (Coppola et al., 2007; Pizzul et al., 2009) . Considering that the highest chlorpyrifos degradation, the highest microbial respiration and the highest ligninolytic enzyme activity were when biomix was preincubated for 15 days, this pre-incubation time was chosen to evaluate the effect of the moisture content of the biomix in the pesticide degradation. The results showed that enzymatic production was highest in biomix with 60% WHC (3.1 U kg -1 ) in contaminated biomix (Table 4) . No significant differences were found 
.Conclusions
Chlorpyrifos is adsorbed efficiently in the biomix prepared with allophanic top soil (Gorbea serie). The isotherms were adequately described by the Freundlich empirical model, where the parameters K f and l/n were higher in the biomix than in the soil, indicating that the contaminant has a greater affinity for the biomix. The pre-incubation period and the WHC of the biomix influenced the degradation of the contaminant, the TCP formation and biological activity, being 15 days of pre-incubation and 60% of WHC, where the highest chlorpyrifos degradation parameters were obtained.
